Introduction {#s1}
============

Optimal allocation of cellular resources is a central concept in cell biology ([@bib7]; [@bib34]). Protein biosynthesis consumes a huge amount of energy: an estimated 30--50% of the energy consumption of dividing cells is dedicated to translation of the proteome ([@bib9]; [@bib56]). Therefore, surplus protein production incurs a substantial fitness cost. As the ratio of unneeded protein reaches 30% of total protein in bacteria, ribosomes are destructed and growth is completely inhibited ([@bib19]). Protein burdens (i.e. protein overexpression costs) are most relevant shortly after an environmental change, and are subsequently reduced once the translation has adjusted to their novel steady-state level ([@bib59]). Deciphering the key molecular mechanisms that shape protein burden is an important challenge for systems biology. Moreover, this problem has biotechnological relevance as well. Protein engineering efforts towards microbial production of a single heterologous protein are often problematic, as full induction of the engineered constructs frequently yields bacteria with limited or no growth ([@bib39]).

Gene expression costs are frequently not due to the detrimental activity of unnecessary proteins, as reduced viability was observed with the overexpression of proteins with no apparent cellular activities ([@bib4]; [@bib19]; [@bib39]; [@bib65]; [@bib58]). Most notably, a recent systematic study in baker's yeast (*Saccharomyces cerevisiae*) measured the copy number limit of gene overexpression across all protein coding genes ([@bib43]). Dosage sensitive genes were generally highly expressed, and replacement of the open reading frame of these genes with a green fluorescent protein (GFP) left the fitness cost largely unaltered. Studies in bacteria ([@bib65]) and yeast ([@bib36]) demonstrated that growth impairment results from the process of protein production and not due to accumulating the unneeded protein product per se.

Protein production of an unneeded protein consumes nutrients and has a high energetic demand. Associated costs may arise at the level of transcription due to waste of nucleotides incorporate into RNA or occupation of RNA polymerases. Translation of the unneeded proteins may be especially costly, as it wastes amino acids, charged tRNAs and occupies ribosomes. It has been shown that these two major limiting factors of protein production vary across environments, depending on the availability of nutrients ([@bib36]). Transcription dominates protein burden in low phosphate, while translation dominates costs in low nitrogen conditions. Hypothetically, unneeded proteins may also overload the cellular systems involved in protein folding and degradation. Yet, the role of chaperone networks in contributing to protein burden has remained unexplored.

In this work, we show that accumulation of an unneeded protein in yeast (*S. cerevisiae*) has a relatively mild impact on fitness when nutrients are in excess and no internal or external stresses are present. However, impairment of specific molecular chaperones rendered yeast cells sensitive to gratuitous protein overproduction.

Results {#s2}
=======

Impact of protein burden on fitness {#s2-1}
-----------------------------------

Recent works showed that the fitness costs associated with expressing unneeded fluorescent proteins do not result from protein toxicity or impaired metabolic processes, indicating that it is the outcome of a limitation in the protein production process itself ([@bib43]; [@bib36]). In this paper, we employ yEVenus, a rapidly folding and non-toxic YFP (yellow fluorescent protein) variant ([@bib60]) to study protein burden. Using this protein has several advantages for our study: the amino acid composition of yEVenus and the yeast proteome are highly similar to each other (Pearson's correlation, r = 0.6477, p\<0.01) and it is codon optimized specifically for yeast studies. Accordingly, toxicity of yEVenus due to misfolding is negligible. We expressed yEVenus in *S. cerevisiae* from single, low and high-copy-number plasmids, respectively, ([@bib27]) all of which are under the control of a strong constitutive promoter (pHSC82, see Materials and methods). The control strain carried the same vector backbone without the yEVenus open reading frame. Fitness of each genotype was determined by measuring colony size on synthetic selection medium agar plates (for further details, see Materials and methods). Cost is defined as the reduction in fitness of yEVenus overexpressing genotype relative to fitness of control cells in the same synthetic drop-out medium. When expressed from a single copy plasmid, yEVenus had no detectable fitness cost, while it caused a small, but significant 2.5% fitness decline expressed from a high-copy (2 µ) plasmid ([Figure 1A](#fig1){ref-type="fig"}). A denaturing polyacrylamide gel electrophoresis analysis (PAGE) indicated that when expressed from the high-copy plasmid, yEVenus constitutes \~3.7% of the total cellular proteome ([Figure 1B](#fig1){ref-type="fig"}).

![Genetic perturbation analyses.\
(**A**) Protein burden changes with copy number. The bar plot shows the relative fitness of yEVenus overexpressing and control genotypes as a function of plasmid copy number, a proxy of gene expression level. From a single copy plasmid, yEVenus has no detectable fitness cost (*t*-test, p=not significant), while it confers around 2.5% fitness disadvantage from a high-copy plasmid (*t*-test, p\<0.001). Absolute fitness was estimated by measuring colony size after 48 hr of growth on solid medium. Relative fitness was calculated by normalizing to the absolute fitness of the genotypes with the corresponding empty vectors, respectively. The bars indicate mean ±95% confidence interval, based on at least 12 technical and 10 biological replicates each. Source file is available as [Supplementary file 5](#supp5){ref-type="supplementary-material"}. (**B**) PAGE analysis of whole cell protein extracts. The figure shows the PAGE (polyacrylamide gel electrophoresis) separation of whole cell protein extracts (10 µg, 20 µg, and 30 µg) from both the control and the yEVenus overexpressing strains in denaturing conditions (4--20% gradient Tris-Glycine SDS-PAGE). To create a standard curve, a bovine serum albumin (BSA) dilution series (100--800 ng) was loaded onto the same gel. On the basis of a densitometry analysis using the standard curve, the yEVenus (band at 27 kDa) constitutes 3.7% of the total cellular proteome when expressed from a high-copy plasmid (for further details, see Materials and methods). (**C**) Distribution of genetic interaction scores (ε) across the haploid yeast knock-out collection. The ε value for the vast majority of the knock-out strains is approximately zero, indicating no specific genetic interaction of the corresponding gene with yEVenus overexpression. The dashed lines on the y axis represent cutoff values for ε (0.05 and −0.05, respectively). Negative/positive interactions are color-coded as magenta/green. For the calculation of genetic interaction score, see Materials and methods. Source file is available as [Supplementary file 1](#supp1){ref-type="supplementary-material"}. (**D**) Scatterplot of the genetic interaction scores and biomass-normalized fluorescence levels of the deletion strains from the haploid yeast knock-out collection. On the x axis, one represents the wild type fluorescence level (dashed line). The dashed lines on the y axis represent the previously defined interaction value cutoffs (0.05 and −0.05, respectively). The fluorescence level of the genotypes shows only very weak correlation with the strength of the interaction (Pearson's correlation test, r = 0.05, p\<0.001). Negative/positive interactions are color-coded as magenta/green. For the calculation of genetic interaction score and for the evaluation of fluorescence level, see Materials and methods. Source file is available as [Supplementary file 1](#supp1){ref-type="supplementary-material"}. Additional analysis of genetic interaction scores and fluorescence levels are shown in [Figure 1---figure supplement 1A and B](#fig1s1){ref-type="fig"}. (**E**) Examples on negative genetic interactions between single gene deletions and yEVenus overexpression. The bar plots show the relative fitness values (normalized to wild type) of single mutants (yEVenus overexpression or single gene deletions), and double mutants (deletion +yEVenus overexpression), based on six replicates. Negative deviation of the observed double mutant fitness from the expected value (designated as dashed line, calculated by the multiplicative model using the two single mutant fitness values) is referred to as negative interaction. Absolute fitness was estimated by measuring colony size after 48 hr of growth on solid medium. The deleted genes (*Δcrp7, Δfes1, Δgim5, Δpfd1*) are selected members of the chaperone system. Source file is available as [Supplementary file 1](#supp1){ref-type="supplementary-material"}. An example of positive genetic interaction is shown in [Figure 1---figure supplement 1C](#fig1s1){ref-type="fig"}. (**F**) Scatterplot of the genetic interaction scores and the fitness of the deletion strains from the haploid yeast knock-out collection. On the x axis, one represents the wild type fitness (dashed line). The dashed lines on the y axis represent the previously defined interaction value cutoffs (0.05 and −0.05, respectively). Negative/positive interactions are color-coded as magenta/green. The fitness of the deletion strains shows only a weak positive correlation with the strength of interaction (Pearson's correlation test, r = 0.12, p\<0.001). For the calculation of fitness and genetic interaction score, see Materials and methods. Source file is available as [Supplementary file 1](#supp1){ref-type="supplementary-material"}.](elife-29845-fig1){#fig1}

Genome-wide mapping of genes that mitigate protein burden {#s2-2}
---------------------------------------------------------

The above results indicate that accumulation of an unneeded protein in the cell has a relatively mild impact on fitness when nutrients are in excess and no internal or external stresses are present. However, such robustness to protein burden may be restricted to certain conditions: many genetic and environmental factors could potentially shape the associated fitness costs. To identify genes modulating protein burden, we performed a genetic interaction screen using the synthetic genetic array (SGA) approach ([@bib67]) with the query strain carrying the yEVenus multi-copy plasmid. The screen involved construction of high-density arrays of double mutants by crossing the query mutation (yEVenus overexpression plasmid) against an array of \~5000 viable null mutants. We simultaneously measured yEVenus fluorescence intensity and fitness in all genotypes studied. Using a robotized replicating system, fitness was estimated by measuring colony size on solid agar media. Digital images were processed to calculate colony sizes, and potential systematic biases in colony growth were eliminated (see Materials and methods). Deviation of the double-mutant fitness from the product of the corresponding single-mutant fitness values was used to assess genetic interaction scores (ε, [Figure 1C](#fig1){ref-type="fig"}, [Supplementary file 1](#supp1){ref-type="supplementary-material"}). Biomass-normalized fluorescence level had no major impact on the distribution of genetic interaction scores ([Figure 1D](#fig1){ref-type="fig"}). This pattern was not due to any major deviation from wild type cell size ([Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}). This indicates that genetic interactions reflect a change in the fitness cost, but not in the extent of protein overexpression.

As the aim of this study was the identification of genes that mitigate the fitness costs of yEVenus overexpression, we focused on negative genetic interactions (ε \< 0), i.e. when the double mutant has a lower fitness than would be expected from the product of the single-mutant fitness values. At an ε = - 0.05 cutoff value (and using a p\<0.05 cutoff based on bootstrap analysis), 184 genes showed such interactions with yEVenus. By definition, lack of these genes substantially increased the fitness cost of yEVenus overexpression ([Figure 1E](#fig1){ref-type="fig"}). A functional enrichment analysis revealed that these genes are preferentially involved in translation, transcriptional control (e.g. transcription termination and elongation), mitochondria-related processes, and protein folding ([Table 1](#table1){ref-type="table"}, [Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"}). Remarkably, deletion of genes encoding specific chaperones caused a 2--4 fold increment in the fitness costs of yEVenus overexpression ([Figure 1E](#fig1){ref-type="fig"}).
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###### Functional enrichment analysis of genes showing synergistic interactions with yEVenus overexpression.

At an ε = - 0.05 cutoff value (and using a p\<0.05 cutoff based on bootstrapping), 184 genes showed negative interactions with yEVenus. This gene set was tested for GO Slim category enrichment. A GO category was termed as enriched significantly, if the genes annotated to a particular GO term were significantly overrepresented (Fisher\'s exact test, odds ratio \>1, p\<0.05, FDR-corrected p\<0.1) in the given gene set using the complete list of screened genes as background. N indicates the number of negative interacting genes belonging to the corresponding GO Slim category. Source file is available as [Supplementary file 1](#supp1){ref-type="supplementary-material"}.

  Go.id        Term                                            N    Odds ratio   P value    FDR corrected P value
  ------------ ----------------------------------------------- ---- ------------ ---------- -----------------------
  GO:0002181   cytoplasmic translation                         11   2.27         1.52E-02   1.69E-01
  GO:0006325   chromatin organization                          15   1.70         4.65E-02   2.93E-01
  GO:0006353   DNA-templated transcription, termination        3    4.17         4.60E-02   2.93E-01
  GO:0006354   DNA-templated transcription, elongation         16   8.43         2.73E-09   2.73E-07
  GO:0006360   transcription from RNA polymerase I promoter    6    5.86         1.24E-03   3.10E-02
  GO:0006366   transcription from RNA polymerase II promoter   29   2.29         2.01E-04   6.71E-03
  GO:0006397   mRNA processing                                 9    2.84         7.77E-03   1.11E-01
  GO:0006414   translational elongation                        5    3.31         2.45E-02   2.34E-01
  GO:0006457   protein folding                                 10   3.06         3.26E-03   5.43E-02
  GO:0007005   mitochondrion organization                      28   2.59         4.13E-05   2.07E-03
  GO:0009408   response to heat                                7    3.17         1.05E-02   1.31E-01
  GO:0009451   RNA modification                                7    2.53         2.91E-02   2.34E-01
  GO:0016570   histone modification                            8    2.33         3.05E-02   2.34E-01
  GO:0032543   mitochondrial translation                       12   2.96         1.78E-03   3.55E-02
  GO:0048308   organelle inheritance                           5    3.23         2.68E-02   2.34E-01

Enrichment of the above functional categories was not found in the set of genes showing positive genetic interactions with yEVenus overexpression. It is worth noting however a specific case, where positive genetic interaction was especially strong. Deletion of *RPI1, a* specific repressor of the Ras-cAMP pathway removed protein burden ([Supplementary file 1](#supp1){ref-type="supplementary-material"}, [Figure 1---figure supplement 1C](#fig1s1){ref-type="fig"}). The underlying molecular mechanisms need further investigation.

Protein synthesis is frequently limited by the availability of free ribosomes ([@bib70]). Therefore, excess proteins occupy free ribosomes, which could be better used for the translation of native proteins. Therefore, impairment of genes involved in translation should increase protein burden. We investigated this issue further by measuring fitness in the presence of a translation inhibitor chemical agent. Cycloheximide binds the ribosome and inhibits eEF2 mediated translocation during translation ([@bib45]). In agreement with expectation, partial inhibition of translation elongation by cycloheximide treatment elevated protein burden ([Figure 2A](#fig2){ref-type="fig"}).

![Environmental screens under protein burden.\
(**A**) Impact of translation inhibition on protein burden in wild type yeast. The bar plot shows the cost of yEVenus in wild type strain as a function of increasing cycloheximide concentration. Cycloheximide is a widely used chemical agent to inhibit translation. Treatment of cells with sub-inhibitory concentration (0.18 µg/ml) of this chemical agent leads to a 3.7-fold increase in protein burden (*t*-test, p\<0.001). For the calculation of fitness cost of yEVenus, see Materials and methods. The bars indicate mean ±95% confidence interval, based on four technical measurements of 17 biological replicates for each concentration. Source file is available as [Supplementary file 5](#supp5){ref-type="supplementary-material"}. (**B**) Impact of transcription inhibition on protein burden in wild type yeast. The bar plot shows the cost of yEVenus in wild type strain in response to mycophenolic acid (MPA) stress. MPA is a well-known transcription elongation inhibitor. Treatment of cells with sub-inhibitory concentration (30 µg/ml) of this chemical agent leads to a two-fold increase in protein burden (Mann Whitney *U*-test, p\<0.001). For the calculation of fitness cost of yEVenus, see Materials and methods. The bars indicate mean ±95% confidence interval, based on at least 12 technical measurements of 15 biological replicates for each concentration. Source file is available as [Supplementary file 5](#supp5){ref-type="supplementary-material"}. (**C**) Impact of amino acid availability on protein burden. The bar plot shows the cost of yEVenus in wild type strain as a function of amino acid concentration. Auxotrophic amino acids were supplied at normal concentration to the medium, while non-auxotrophic amino acids were serially diluted from the regular one. Arbitrary units are relative concentrations normalized to the regular amino acid level. Total depletion of non-essential amino acids (0 arbitrary unit) from the growth medium resulted in a 2.5-fold increase in protein burden, compared to the regular one (*t*-test, p\<0.001). For the calculation of fitness cost of yEVenus, see Materials and methods. The bars indicate mean ±95% confidence interval, based on at least five technical measurements of 12 biological replicates for each condition. Source file is available as [Supplementary file 5](#supp5){ref-type="supplementary-material"}. (**D**) The impact of protein burden across different carbon sources. The left panel shows the cost of yEVenus in wild type strain on different carbon sources. The right panel shows the absolute fitness (arbitrary units estimated by measuring colony size on solid agar media) of the yEVenus overexpressing wild type strain on different carbon sources. Growth media with alternative carbon sources (respirato-fermentative galactose, respirative raffinose) led to a reduction of absolute fitness by 27--32% (right panel, *t*-test, p\<0.001), compared to that on the standard carbon source (fermentative glucose). However, the relative fitness cost of yEVenus overexpression (left panel) was not affected by the change of carbon source. Specifically, the cost of yEVenus on glucose is comparable to that on galactose (*t*-test, p=0.14) or raffinose (*t*-test, p=0.07). For the calculation of absolute fitness and fitness cost of yEVenus, see Materials and methods. The bars indicate mean ±95% confidence interval, based on at least 12 technical measurements of 15 biological replicates for each of the genotype. Source file is available as [Supplementary file 5](#supp5){ref-type="supplementary-material"}.](elife-29845-fig2){#fig2}

Similarly, inactivation of genes involved in transcriptional elongation (*HPR1, DST1, CDC73, ELP3*) significantly increased protein burden. To validate this result, we tested the effect of a transcriptional elongation inhibitor on protein burden. Mycophenolic acid interferes with nucleotide biosynthesis ([@bib15]), through inhibiting IMP dehydrogenase (IMPDH). It thereby reduces the endogenous GTP/UTP and stalls RNA polymerases. Treatment of cells with sub-inhibitory concentration of this chemical agent significantly enlarged protein burden ([Figure 2B](#fig2){ref-type="fig"}).

Another source of protein burden may arise due to wastes of cellular resources, including ATP and amino acids needed for protein synthesis. Indeed, inactivation of amino acid metabolism genes (*AAT2, BAT2, CYS3, PRS3, LEU3*) influenced protein burden ([Supplementary file 1](#supp1){ref-type="supplementary-material"}), suggesting that protein burden depends on the availability of amino acids in the environment. It was indeed so: depletion of amino acids in the growth medium increased the fitness cost ([Figure 2C](#fig2){ref-type="fig"}). Moreover, genes with mitochondria-related functions, including mitochondrial translation (e.g. *MRPS9*, *MRPL22*), mitochondrial DNA replication and growth (e.g. *MMM1*), mitochondrial distribution and morphology (e.g. *MDM38*) are on the gene list identified by the SGA analysis ([Supplementary file 1](#supp1){ref-type="supplementary-material"}).

Taken together, results of genetic and chemical perturbations of specific cellular subsystems demonstrate that impairment of transcription, translation and amino acid availability increase protein burden.

Finally, one may argue that growth rate reduction per se - irrespective of the exact nature of the environmental or genetic perturbation - may imply elevated protein burden upon overexpression. However, this is unlikely to be so, for three reasons. First, the functional roles of genes that showed genetic interactions were far from being random ([Table 1](#table1){ref-type="table"}). Second, and more generally, the correlation between the fitness of the deletion strains and the strength of the genetic interaction was very weak ([Figure 1F](#fig1){ref-type="fig"}). Finally, despite major differences in growth rates of yeast grown on glucose, galactose or raffinose as sole carbon sources, the relative fitness costs of protein burden remained unchanged ([Figure 2D](#fig2){ref-type="fig"}).

Molecular chaperones shape protein burden {#s2-3}
-----------------------------------------

The genetic interaction screen revealed that molecular chaperones are overrepresented in the list of genes that influence protein burden. Most notably, the list includes several members of the Hsp40-70-110 complex (*FES1*, *SSE1* and *YDJ1*), and an Hsp70-90 scaffold protein (*STI1*). These Hsp70-associated proteins are functionally highly related ([@bib54]), and all play critical roles in the ATPase activation and the nucleotide exchange regulation of the Hsp70 class Ssa chaperones. Accordingly, impairment of these proteins decreases the activity of Ssa chaperones and thereby perturbs the recognition and clearance of misfolded proteins. As a consequence, aggregated proteins accumulate in the cell ([@bib44]; [@bib13]).

Based on these findings we hypothesized that molecular chaperones have a critical role in buffering protein burden. Several further observations support the hypothesis. First, we tested the impact of temperature stress on protein burden, not least because genes (e.g. *CPR7, YDJ1*) involved in the GO term 'response to heat' were on the list of negative genetic interactions. Subjecting yeast cells to high temperature causes a severe proteotoxic stress as it induces protein misfolding of nascent proteins and perturbs proteome homeostasis ([@bib68]). As expected, protein burden significantly increased with rising temperature ([Figure 3A](#fig3){ref-type="fig"}). Reassuringly, these results are insensitive to the exact promoter employed for the expressional control of yEVenus ([Figure 3---figure supplement 1A](#fig3s1){ref-type="fig"}, [Figure 3---figure supplement 1B](#fig3s1){ref-type="fig"}, [Figure 3---figure supplement 1C](#fig3s1){ref-type="fig"}, [Supplementary file 2](#supp2){ref-type="supplementary-material"}).

![Link between protein burden and proteotoxic stress.\
(**A**) Impact of heat stress on protein burden. The bar plot shows the fitness cost of yEVenus in wild type strain as a function of increasing temperature. Protein burden significantly increased with rising temperature, resulting in a 2.8-fold difference when colonies were subjected to 40°C, in comparison to the optimal incubation temperature (30°C; *t*-test, p\<0.001) The bars indicate mean ±95% confidence interval, based on at least 12 technical measurements of 15 biological replicates for each condition. Source file is available as [Supplementary file 5](#supp5){ref-type="supplementary-material"}. Additional analysis of protein burden across five different yEVenus plasmids are shown in [Figure 3---figure supplement 1A--C](#fig3s1){ref-type="fig"} (**B**) Impact of proteotoxic stress on protein burden. The bar plot shows the fitness cost of yEVenus in wild type strain as a function of azetidine-2-carboxylic acid (AZC) concentration. AZC is a toxic analog of proline, incorporation of this compound into newly synthesized proteins leads to misfolding in consequence of reduced protein stability. Incubation with sub-lethal dosage of AZC (2.5 mM) leads to a more than 4-fold increase in protein burden (*t*-test, p\<0.001). For the calculation of fitness cost of yEVenus, see Materials and methods. The bars indicate mean ±95% confidence interval, based on at least 12 technical measurements of 15 biological replicates for each concentration. Source file is available as [Supplementary file 5](#supp5){ref-type="supplementary-material"}. (**C**) Protein aggregation propensity in yEVenus overexpressing genotypes. The bar plot shows the aggregation frequency in the wild type and in four deletion mutant strains, with (yEVenus) or without (control) protein burden. The deleted genes are selected members of the chaperone system. Protein burden by yEVenus promotes protein aggregation further in the chaperone deficient backgrounds. Aggregation frequency is 5--670% larger in the chaperone deletion mutants under protein burden, in comparison with the corresponding isogenic control strain with empty vector, respectively. The aggregation propensity in the wild type is at the same level either with or without protein burden. The frequency of cells with aggregated foci corresponds to the level of protein aggregation. Aggregation frequency was calculated as follows: the number of cells containing fluorescent foci was divided by the number of fluorescent cells in total, monitoring at least 2000 cells. For further details, see Materials and methods. The bars indicate mean ±95% confidence interval, based on at least five technical measurements for each of the genotype. Student *t*-test was used to assess difference in aggregation frequency between control and yEVenus overexpressing genotypes. \*/\*\*/\*\*\* indicates p\<0.05/0.01/0.001; n.s indicates p=not significant. Source file is available as [Supplementary file 5](#supp5){ref-type="supplementary-material"}. Representative images of VHL-mCherry localization in yeast cells are shown in [Figure 3---figure supplement 1D](#fig3s1){ref-type="fig"}. (**D**) Changes of Sti1p interaction partners in response to protein burden. The figure shows the scatterplot of the log(2) protein-binding affinity of 18 putative interaction partners ([@bib12]) of Sti1p under low- and high protein burden, respectively. Protein-binding affinity to Sti1p was estimated by calculating the peptide count fold change of Sti1p IP samples relative to the negative control IP samples both under low and high protein burden (see Materials and methods). The red points mark proteins that specifically associate with Sti1p under low protein burden. The continuous line represent x = y. Source file is available as [Supplementary file 4](#supp4){ref-type="supplementary-material"}.](elife-29845-fig3){#fig3}

Second, as mistranslation during protein synthesis promotes misfolding and protein aggregation ([@bib40]; [@bib75]; [@bib48]), reduction of translation fidelity should also exacerbate the fitness deficit caused by protein overproduction. Reassuringly, *CTK2* and *CTK3*, two genes involved in controlling the fidelity of translation elongation ([@bib55]) were on the list of genes showing negative genetic interaction with yEVenus overexpression ([Supplementary file 1](#supp1){ref-type="supplementary-material"}).

Third, induction of protein misfolding by a chemical agent enhanced protein burden. We studied the cellular response to misfolded proteins generated by azetidine-2-carboxylic acid (AZC) stress ([@bib61]). AZC is a toxic analog of proline, and incorporation of this chemical agent into proteins causes misfolding ([@bib68]; [@bib2]). Application of sub-lethal dosages of AZC elevated the fitness costs associated with yEVenus overproduction ([Figure 3B](#fig3){ref-type="fig"}).

The fourth piece of evidence comes from monitoring cellular aggregation. An established method ([@bib37]) was utilized to measure the misfolding propensity of a fluorescently-tagged reporter protein (VHL-mCherry). Active quality-control machinery in the wild type yeast prevents misfolding of the reporter protein, leading to its uniform distribution in the cell. However, when the protein folding machinery is impaired or becomes overloaded, the reporter protein misfolds and becomes spatially sequestered. As the fluorescent tag of the reporter protein remains fully functional, protein aggregation spots within the cell become easily visible as fluorescent foci ([@bib37]).

In wild type cells, protein misfolding propensity did not increase significantly upon protein burden ([Figure 3C](#fig3){ref-type="fig"}). This is in line with expectation, as the fitness cost of protein overexpression in wild type was only around 2.5% ([Figure 1A](#fig1){ref-type="fig"}). The situation was very different when genotypes impaired in protein folding (*Δfes1, Δsse1, Δsti1, Δydj1, Δpfd1, Δgim5, Δcpr7*) were considered, all of which showed negative genetic interactions with yEVenus overexpression. In these genotypes, protein burden elevated the propensity of protein misfolding ([Figure 3C](#fig3){ref-type="fig"}, [Figure 3---figure supplement 1D](#fig3s1){ref-type="fig"}).

Protein burden perturbs the Sti1p interaction network {#s2-4}
-----------------------------------------------------

The above results indicate a crucial role of the Hsp70-associated molecular chaperones in mitigating protein burden. Why should this be so? One possibility is that the unneeded proteins bind to key regulators of the Hsp70-associated chaperones which otherwise would be used to navigate folding of native proteins within the cell. To investigate the feasibility of this idea, we performed a GFP co-immunoprecipitation (co-IP) assay to identify weak in vivo physical interactions between yEVenus and native cellular proteins.

In order to extract cellular proteins without disturbing physical interactions, we used an established protocol ([@bib71]) specifically designed for the identification of weak protein-protein interactions. Total protein extracts from mid-exponential growth phase were immunopurified (IP) using anti-GFP antibody coupled magnetic beads and the IP-purified proteins were then subjected to LC-MS/MS analysis (see Materials and methods). Relative abundance of individual proteins in the samples was estimated by retrieving peptide counts of the individual proteins.

After applying several filtering steps (see Materials and methods), we identified 34 proteins that bind to yEVenus ([Supplementary file 3](#supp3){ref-type="supplementary-material"}). Altogether, the list of putative interacting partners includes five proteins with chaperone-related functions ([Supplementary file 3](#supp3){ref-type="supplementary-material"}). Notably, Sti1p and Ydj1p not only binds to yEVenus, but were identified also in the genetic interaction assay. Both proteins are involved in the activation of Ssa proteins, key components of the Hsp70 complex.

The above results indicate that as a globular protein, yEVenus binds weakly, but significantly to certain molecular chaperones and to Sti1p in particular ([Supplementary file 3](#supp3){ref-type="supplementary-material"}). This raises the possibility that the protein burden is linked to perturbation of the native physical interactions of Sti1p by yEVenus. To investigate this issue, we performed a reciprocal co-IP assay with the aim to identify quantitative changes in physical interactions of Sti1p in response to protein burden. Accordingly, we used a strain that expresses a C-terminally epitope-tagged Sti1p (Sti1p-3xFLAG) and investigated it both under low and high protein burden. Total protein extracts from mid-exponential growth phase were immunopurified (IP) using anti-FLAG antibody coupled beads and the IP-purified proteins were then subjected to LC-MS/MS analysis, as previously (Materials and methods).

The analysis focused on 18 proteins, all of which have been described to physically interact with Sti1p in prior studies ([@bib12]). Our method confirmed half of these 18 protein interactions under low protein burden, that is when yEVenus was expressed from a single-copy plasmid ([Figure 3D](#fig3){ref-type="fig"}, [Supplementary file 4](#supp4){ref-type="supplementary-material"}). Remarkably, we observed a significant drop in protein-binding affinity of Sti1p with as many as 8 out of the nine detected interaction partners under high protein burden ([Figure 3D](#fig3){ref-type="fig"}, [Supplementary file 4](#supp4){ref-type="supplementary-material"}). Most notably, protein-binding affinity decreased by 70%, 75% and 55% in the cases of Ssa1, Ssa2p and Hsp90p, respectively. This is all the more significant, as these proteins are exceptionally important and well-characterized interaction partners of Sti1p ([@bib11]; [@bib64]; [@bib5]). Finally, protein-binding between yEVenus and Sti1p was detectable under high protein burden only ([Supplementary file 4](#supp4){ref-type="supplementary-material"}). We speculate that promiscuous binding of Sti1p with certain globular proteins (such as yEVenus) has no functional consequences unless the cellular dosage of the partner protein exceeds a critical threshold. Collectively, these data suggest that protein burden promotes a partial disassociation of interaction partners from Sti1p, putatively leading to partial disassociation of the Hsp70-Hsp90 chaperone complex.

Discussion {#s3}
==========

Our work demonstrates that even gross accumulation of an unneeded gratuitous protein in the cell has a relatively mild impact on fitness when no internal or external stresses are present ([Figure 1A](#fig1){ref-type="fig"}). However, such robustness to protein burden was restricted to specific conditions only. We explored the molecular mechanisms underlying robustness to protein overproduction. Our main findings are as follows.

First, deletion of genes involved in translation, transcriptional control, and mitochondria-related processes rendered yeast cells hypersensitive to protein overexpression. Our observation that translational and transcriptional perturbations modulate protein burden was validated further by chemical and environmental stress screens, and is also consistent with prior studies ([@bib36]). Therefore, protein burden varied substantially across genetic backgrounds and environmental stresses. We note that mutants with impaired mitochondria exhibit reduced respiratory growth, and therefore they have to rely on less efficient modes of ATP production. However, beyond ATP production, mitochondria are involved in the synthesis of certain amino acids as well ([@bib1]; [@bib76]). Therefore, future works should elucidate the exact molecular mechanisms underlying the elevated protein burden in cells deficient in mitochondrial functions.

Second, prior studies suggested that expression of an unneeded protein effectively decreases the fraction of proteome allocable to ribosomes and useful biosynthetic proteins, thereby causing a growth defect ([@bib58]). In principle, mutations could therefore modulate protein burden by simply increasing the proteome fraction of the unneeded protein. However, the fractional contribution of yEVenus to the total proteome was not elevated in gene knock-out strains ([Figure 1D](#fig1){ref-type="fig"}, [Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}). This indicates that allocation models that rely on transcription and translation only cannot fully account for protein burden.

Third, and most significantly, an interacting chaperone network shapes protein burden ([Figure 4](#fig4){ref-type="fig"}). The Hsp70 complex is a key player in the maintenance of normal proteostasis. The soluble Ssa proteins (members of the Hsp70 family) recognize and associate transiently with exposed hydrophobic patches of misfolded proteins in the cytosol and prevent protein aggregation ([@bib44]; [@bib13]). Deletion of specific activators (*YDJ1, STI1, FES1* or *SSE1*) of Ssa proteins substantially elevated protein burden, and resulted in protein aggregation. Indeed, Ssa protein's capacity to bind and release client proteins heavily depends on these activators ([@bib73]). In particular, the nucleotide exchange factors (Sse1p and Fes1p) are responsible for client-release and thereby support the refolding or the proteasomal degradation of misfolded proteins ([@bib28]). It is worth noting that due to partial functional redundancy of Ssa proteins ([@bib29]), the corresponding *SSA* genes did not emerge in the screen. In agreement with expectation, temperature stress, elevated mistranslation rate and a chemical misfolding agent all substantially enhanced protein burden. We conclude that molecular chaperones have an important role in buffering protein burden.

![Overview of the proteostasis network.\
Malfunction of the protein quality control system impairs the proteome balance by driving cellular proteins into toxic metastable (partially folded or misfolded) conformations from their correctly folded native state ([@bib5]). Accumulation of these folding intermediates could further overload this surveillance system and could lead to the collapse of the proteostasis network. Hypothetically, overexpression of a gratuitous protein (such as the yEVenus) might not be tolerated in a misfolding sensitized background, as it could add an extra-layer of threat to the cell. Our genome-wide genetic interaction screen (SGA) revealed the importance of a central regulatory complex to buffer overexpression costs. This complex maintains the normal activity of the Ssa chaperones (members of the Hsp70 family) that act on misfolded proteins. In addition, one member of this complex also acts on the ribosome-associated complex (RAC). Inactivation of the constituent members (Hsp70-90 scaffold Sti1p, Hsp40-Ydj1p, NEF-Sse1p, and NEF-Fes1p, color-coded as red) of this complex exacerbated the cost of yEVenus overexpression. In such genetic backgrounds, the clearance of misfolded proteins by protein refolding or proteasomal degradation is affected. In agreement with the genetic perturbation screen, conditional induction of proteotoxic stress in the yEVenus overexpressing wild type strain also exaggerated the cost of the overexpression. Remarkably, based on physical interaction assays, we found evidences that protein burden perturbs the interaction network of Sti1p, putatively leading to a dysfunctional Hsp70-Hsp90 chaperone complex. As a consequence, downregulation of the proteostasis network is expected, which would have serious fitness consequences in times of proteotoxic stress.](elife-29845-fig4){#fig4}

Finally, we found evidence that yEVenus - a typical, globular fluorescent protein binds to Sti1p, one of the key regulators of the Hsp70-Hsp90 complex ([@bib64]; [@bib74]). We hypothesize that Sti1p may be especially prone to promiscuous protein binding, as it has an over 2-fold higher fraction of unstructured residues than the proteome average (data not shown). Approximately, half of Sti1p putative physical interacting partners ([@bib12]) are involved in the maintenance of normal proteostasis. The list includes members of the Hsp70-Hsp90 complex, Hsp104 disaggregase, proteasome subunits and ubiquitin-associated proteins. Therefore, one might expect that perturbation of Sti1p interactions by a highly abundant, weakly interacting protein ([Figure 3D](#fig3){ref-type="fig"}) would have serious fitness consequences in times of proteotoxic stress. Future works should elucidate this hypothesis further and specifically the role of promiscuous peptide binding in protein burden.

Our work has important implications for future studies. The distribution of genomic expression generally follows a highly skewed power-law like distribution with a small number of exceptionally highly expressed genes ([@bib69]; [@bib42]). Highly expressed genes contain various cost-minimizing gene architectures ([@bib21]). Such genes are under especially severe selective constraints, possibly to avoid misfolding and consequent formation of protein aggregates ([@bib23]). Even though highly expressed proteins are not particularly prone to misfolding, they may still indirectly influence protein aggregation in the cell. Specifically, our work raises the possibility that highly expressed proteins bind to key components of the chaperone network which otherwise would be used to navigate folding of other native proteins within the cell. As a consequence, the availability of active chaperone molecules decreases, leading to increased propensity for damaging protein aggregation, especially in times of proteotoxic stress. It is important to emphasize that yEVenus is a codon optimized fluorescent protein ([@bib60]), and is not particularly prone to misfolding and consequent toxicity ([@bib36]). Therefore, this hypothesis is conceptually distinct and complementary to the issue of whether aggregation-prone proteins impose a fitness cost through toxicity ([@bib50]; [@bib23]).

More generally, several molecular chaperones can buffer the damaging effects of protein mutations ([@bib18]; [@bib53]; [@bib17]; [@bib47]). Chaperone overload by highly expressed proteins may influence this process. In a similar vein, it appears that protein burden depends on genetic variation and environmental conditions as well. Therefore, the cellular capacity to tolerate major fluctuations in genomic expression heavily depends on the genetic makeup: the associated fitness costs should vary extensively across microbial species occupying different environmental niches. Finally, we anticipate that our genome-wide approach uncovering the determinants of protein burden will help the design of improved host strains for the efficient overproduction of recombinant proteins.

Materials and methods {#s4}
=====================

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reagent type (species)\             Designation                                                Source or reference                  Identifiers                                                    Additional information
  or resource                                                                                                                                                                                        
  ----------------------------------- ---------------------------------------------------------- ------------------------------------ -------------------------------------------------------------- --------------------------------------
  Strain (Saccharomyces cerevisiae)   Y7092                                                      PMID: 16118434                                                                                      SGA query strain, mat alpha

  Other                               non-essential gene deletion collection (BY4741, MATa)      PMID:12140549                        YSC1053                                                        Open BioSystem (Dharmacon)

  Other                               synthetic genetic array (SGA) technique                    PMID: 16118434                                                                                      

  Software, algorithm                 ImageJ software                                            PMID: 22930834                       RRID:[SCR_003070](https://scicrunch.org/resolver/SCR_003070)   

  Software, algorithm                 Gene Onthology term enrichment with topGO (version 2.28)   PMID: 16606683                                                                                      

  Software, algorithm                 org.Sc.sgd.db (version 3.3.0) packages in R                [@bib14]                                                                                            <http://www.R-project.org>

  Software, algorithm                 Machine learning-based phenotypic analysis                 PMID: 21807964                                                                                      

  Software, algorithm                 Advanced Cell Classifier                                   PMID: 28647475                                                                                      <http://www.cellclassifier.org/>

  Software, algorithm                 Proteome Discoverer (v 1.4)                                Thermo Fisher Scientific (Germany)                                                                  

  Recombinant DNAreagent              pKT0090 plasmid                                            PMID: 15197731                       Addgene:Plasmid \#8714                                         contains yEVenus

  Recombinant DNAreagent              YEplac181 plasmid                                          PMID: 3073106                        Addgene:Plasmid \#8628                                         high copy plasmid

  Recombinant DNAreagent              YCplac111 plasmid                                          PMID: 3073106                        Addgene:Plasmid \#53249                                        single copy plasmid

  Recombinant DNAreagent              pRS315 plasmid                                             PMID: 2659436                        ATCC 77144                                                     low copy plasmid

  Recombinant DNAreagent              pFA6a-TEV-6xGly-3xFlag-HphMX plasmid                       Tim Formosa                          Addgene:Plasmid \#44083                                        

  Recombinant DNAreagent              pGAL-VHL-mCherry                                           PMID: 18756251                                                                                      galactose inducible VHL-mCherry

  Commercial assayor kit              µMACS GFP Isolation Kit                                    Miltenyi Biotec (Germany)            130-091-125                                                    

  Commercial assayor kit              μMACS DYKDDDDK Isolation Kit                               Miltenyi Biotec (Germany)            130-101-591                                                    \*DYKDDDDK is also known as FLAG tag
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Yeast strains and plasmids {#s4-1}
--------------------------

All strains used in this study were derived from the Y7092 *Saccharomyces cerevisiae* parental strain (SGA query strain: MAT alpha; *can1delta::STE2pr-Sp_his5, lyp1delta, his3delta1 leu2delta0, ura3delta0, met15delta0*). The fluorescent yEVenus protein was transformed into the parental Y7092 strain on a high copy number plasmid (YEplac181, \[[@bib27]\]) by a standard protocol ([@bib26]). The transformants were selected on leucine dropout synthetic complete medium (SC-MSG, 1 g/l monosodium glutamate (Sigma-Aldrich, Germany), 1.7 g/l Yeast Nitrogen Base (BD, Germany), supplemented by amino-acid mix without leucine).

Plasmid construction {#s4-2}
--------------------

To measure the fitness cost of protein overexpression, yEVenus, a non-toxic protein with no enzymatic activity and optimized codon usage was selected ([@bib60]). The corresponding gene was integrated into a high copy expression vector. Heterologous promoters frequently perturb the transcription of other genes, by binding/titrating essential transcription factors, causing a skewed distribution of transcription factors. To minimize this problem, expression of yEVenus was driven by the native promoter of Hsc82p. Hsc82p is one of the most abundant cellular proteins in yeast ([@bib8]; [@bib24]). In contrast to many other chaperones (such as Hsp82p), it is expressed constitutively and shows only minor variation across stress conditions.

The high copy hc-Venus plasmid was constructed in three steps. First, the genomic *HSC82* gene of the *Saccharomyces cerevisiae* strain BY4741 including its promoter sequence was amplified from genomic DNA using restriction site containing oligonucleotides (*B_HSC_promoter, B_HSC82_terminator*). The product was cut with *BamH*I and *Pst*I endonucleases, and was ligated to *BamH*I and *Pst*I digested YEplac181 ([@bib27]) plasmid, generating the hc HSC82 construct. The promoter region was also PCR amplified with *B_HSC_promoter* primer and *HSC-promoter-HSP-orf-reverse* primer, which product was *BamH*I digested and ligated into a *BamH*I and *Stu*I digested hc_HSC82 plasmid. The resulting plasmid (pHSC_promoter plasmid) was designed to facilitate the insertion of virtually any ORF using its *Nhe*I and *Pst*I restriction sites. The *yEVenus* ORF along with the *ADH1* terminator was amplified from the pKT0090 plasmid ([@bib60]) using *NheI-Venus_ATG* and *Adh1_term_primer_pst1* oligonucleotides. The given PCR product was *Nhe*I and *Pst*I digested and ligated to the identically digested pHSC_promoter plasmid. The generated plasmid (hc_Venus) was used to express yEVenus in *S. cerevisae*, under the control of the strong constitutive *HSC82* promoter. For the selection of the plasmid, *LEU2* marker was used in a leucine dropout synthetic medium. The control strains carry the original backbone plasmid (YEplac181) without the fluorescent protein.

To investigate the effect of plasmid copy number variation on protein burden, was inserted both into the *BamH*I-*Pst*I digested single (YCplac111, \[[@bib27]\]) and low copy plasmid (pRS315, \[[@bib62]\]).

Finally, to ensure that the key results are insensitive to the exact promoter used for controlling the expression of yEVenus, we constructed four extra isogenic plasmids with different, naturally occurring promoters in the yeast genome. These promoters drive the expression of cytosolic proteins (Gpp1p, Tal1p, Pdc1p, and Tdh3p), all which are as highly abundant as the constitutively expressed Hsp90p (*HSC82,* source: PeptideAtlas 2013 dataset \[[@bib72]\]). Specifically, the pHSC82 region was eliminated from the hc_Venus plasmid after *Sac*I-*Nhe*I digestion. Next, the promoter regions of *GPP1*, *TAL1*, *PDC1*, and *TDH3* were amplified from wild type genomic DNA using restriction site-containing oligonucleotides (frw\_*Sac*I, rev\_*Nhe*I). Finally, the PCR products (pGPP1, pTAL1, pPDC1, and pTDH3) were inserted into the *Sac*I-*Nhe*I digested hc_Venus plasmid backbone. Fluorescence level showed only minor variation across the five high copy plasmid constructs ([Figure 3---figure supplement 1A](#fig3s1){ref-type="fig"}).

Cellular quantification of yEVenus protein {#s4-3}
------------------------------------------

To quantify the yEVenus protein within the proteome, whole cell extracts were prepared from wild type cells, in the presence and absence of the yEVenus plasmid. Single colonies were inoculated into leucine dropout SC-MSG liquid medium, and were grown until saturation at 30°C. The saturated cultures were diluted and grown to mid-exponential phase (OD~600~ = 0.8), and 10^8^--10^9^ cells were used to extract total protein using established protocol ([@bib71]). Whole cell extract (WCE) concentration was determined by using Bicinchoninic Acid Kit (Sigma-Aldrich), according to the manufacturer\'s instructions. Whole cell extracts from the control and overexpression strain were separated on a 4--20% gradient Tris-Glycine gel (Lonza, Germany) under denaturing (SDS, sodium dodecyl sulfate) conditions, along with a dilution series (100--800 ng) of a standard protein (1 mg/ml bovine serum albumin, BSA, Sigma-Aldrich). Densitometry analysis of the protein bands on SDS-polyacrylamide gel was conducted by ImageJ software ([@bib57]). A standard curve was established by plotting the pixel numbers of BSA dilution series bands versus BSA concentrations. The yEVenus band (27 kDa) intensity was corrected by subtracting the intensity of the equal-sized protein band in the control strain. Based on the standard curve, the pixel number of the yEVenus band (27 kDa) was converted into concentration, and the ratio of the quantified yEVenus protein to the loaded whole cell extract was calculated.

Synthetic genetic array analysis {#s4-4}
--------------------------------

To identify genes mediating yEVenus burden, we performed a synthetic genetic array (SGA) screen ([@bib67]). The query mutation (in our case the yEVenus carrying plasmid) was crossed to an ordered array of \~5000 viable, non-essential gene deletion mutants (MATa; YKO collection, Open BioSystem, Dharmacon Inc, Lafayette, Colorado, United States, \[[@bib25]\]). The method applies a series of replica pinning steps onto solid medium in an automated manner, using the following series of steps: (a) selection for MATa/α diploids (SC-MSG medium (1 g/l monosodium glutamate, 1.7 g/l Yeast Nitrogen Base, supplemented by amino-acid mix) with G418 (200 µg/ml, Sigma-Aldrich) was used), (b) induced sporulation by reducing carbon and nitrogen levels in the nutrient, (c) selection for MATα meiotic progeny (*can1∆::MFA1pr-HIS3, lyp1∆*) using canavanine (50 mg/L, Sigma-Aldrich) and thialysine (S-(2-Aminoethyl)-L-cysteine hydrochloride, 50 mg/L, Sigma-Aldrich) containing medium, (d) selection for the query mutation (leucine dropout medium), and finally selection for the gene deletions (G418 containing medium; *KanMX4* cassette confers resistance against G418). Finally, the array of meiotic progeny harboring both mutations (yEVenus plasmid and gene deletion) was scored for fitness (see below). To evaluate genetic interactions, an array of 'single' mutants was also constructed, where the query strain harbors the control high copy plasmid (YEplac181), without the fluorescent protein ORF.

The *HIS3* (YOR202W) deletion strain (*his3::KanMX4*) was used as wild type control, for the following reasons: (1) fitness of this strain is indistinguishable from the BY4741 parental wild type strain ([@bib52]); (2) it possesses the same selection marker (required for the SGA method) as all other single gene deletion strains; (3) it carries the *KanMX4* cassette in the nonfunctional *his3Δ1* allele.

Quantitative fitness measurements {#s4-5}
---------------------------------

We developed a robust high-throughput and precise workflow for fitness measurements based on colony size. Solid media were prepared using 2% agar (2% was previously found to be optimal for reproducible colony size measurement, data not shown). The ordered arrays of strains at 384-density were replicated onto solid medium with a robotized replicating system. The system consists of a Microlab Starlet liquid-handling workstation (Hamilton Bonaduz AG, Switzerland), equipped with a 384-pin replicating-tool (S&P Robotics Inc, Toronto, Ontario, Canada) and a custom-made sterilization station for the replicating-tool. After 48 hr of acclimatization to the medium at 30°C, plates were replicated again onto the same medium and photographed after 48 hr of incubation at 30°C. Digital images were processed to calculate colony sizes. We took special care to control for potential systematic biases in colony growth, such as uneven media composition, changes in physical parameters of incubation, or competition for nutrients between neighboring colonies ([@bib66]). Colonies located next to the edges/corners of the plates and colonies with low circularity (*i.e.* circularity \<0.8) were removed from further analysis. Genotype fitness was estimated by the mean fitness of six replicate colonies. The replicate number used is comparable to (eight replicates for Kuzmin et al, in preparation) or even higher than the number of replicates other studies (four replicates for (\[[@bib30]; [@bib6]; [@bib16]\]) used to estimate fitness based on colony size.

Genetic interactions score was calculated as ε = f~ab~ − (f~a~ ×f~b~), where f~a~ and f~b~ are quantitative fitness measures of the two single (deletion or yEVenus overexpression) mutants, while f~ab~ is the fitness of the double mutant (deletion and yEVenus overexpression). Negative (ε \<0) and positive (ε \>0) interaction scores indicate that the fitness defect of the double mutant is higher and lower than expected by the multiplicative model, respectively. We applied the confidence threshold of \|ε\|\>0.05 and p\<0.05 to define significantly interacting gene pairs. *p*-values were calculated using the bootstrap method ([@bib20]), resampling f~a~, f~b~, and f~ab~ separately. We tested the null hypothesis that ε = 0.

Functional enrichment analysis {#s4-6}
------------------------------

Based on the systematic genetic-genetic interaction screen, the list of genes showing negative interaction with the yEVenus overexpression (i.e. their deletions increased the fitness effect of overexpression) were retrieved and tested for Gene Onthology term enrichment with topGO (version 2.28) ([@bib3]) and org.Sc.sgd.db (version 3.3.0, \[[@bib10]\]) packages in R programming environment ([@bib14]). To focus on the important GO terms, we restricted our search to the GOSlim categories maintained by the SGD project ([@bib12]). A GO category was termed as enriched significantly, if the genes annotated to a particular GO term were significantly overrepresented (Fisher\'s exact test, odds ratio \>1, p\<0.05, FDR-corrected p\<0.1) in the given gene set using the complete list of screened genes as background.

Fitness estimates under environmental stress {#s4-7}
--------------------------------------------

Genotype fitness was estimated under control (no-stress) and different stress environments, as above. Unless otherwise indicated, all conditions used leucine dropout SC-MSG medium. The following non-lethal stress conditions were used: translation inhibition (0.0018--0.18 µg/ml cycloheximide, AppliChem GmbH, Germany), transcription inhibition (0.30 µg/ml mycophenolic acid (MPA), Santa Cruz Biotechnology, Germany), heat stress (37°C and 40°C), proteotoxic stress (1--2.5 mM azetidine-2-carboxylic acid (AZC), Santa Cruz Biotechnology), amino acid limitation (auxotrophic amino acids were supplied at normal concentration to the medium, while the non-auxotrophic amino acids were serially diluted (*i.e.* 0x - 2x of the regular concentration)). Fitness cost of yEVenus protein overproduction (proxy for protein burden) is defined by 1 - W~V~/W~C~, where W~V~ and W~C~ indicate absolute fitness values (*i.e.* colony sizes) of the genotypes with yEVenus and control plasmids, respectively.

Evaluation of fluorescence level across genotypes {#s4-8}
-------------------------------------------------

The fluorescence level of the final SGA array strains was evaluated by measuring yEVenus signal in liquid medium. Briefly, the array of colonies were inoculated into liquid leucine dropout SC-MSG medium, and kinetic runs were initiated in a Synergy 2 fluorescence plate reader (Biotek, Winooski, Vermont, United States) for 48 hr, using the following filters: 500/27 (excitation), 528/20 (emission). During the kinetic run, the absorbance (OD~600~) and yEVenus fluorescence (λ~ex~515 nm / λ~em~528 nm) of the growing cultures were monitored simultaneously, with time points taken every 1.5 min. For each time points, the OD~600~ normalized yEVenus fluorescence (FLOD) was calculated. The fluorescence of a given strain was assessed by calculating the median of the five highest FLOD values.

Quantitative aggregation assay {#s4-9}
------------------------------

In order to quantitatively measure and compare the level of protein aggregation in the double mutants to the corresponding single mutants (i.e. deletion), an established method ([@bib37]) was applied. This method examines the condition of the protein quality-control machinery of the cell, based on the aggregation of a fluorescently tagged (mCherry, λ~ex~587nm/λ~em~610nm) human protein (von-Hippel-Lindau, VHL). This human protein is prone to misfolding in the absence of its cofactor (elongin BC), which is not present in *S. cerevisiae*. Fully functional quality-control machinery can stop aggregation of VHL-mCherry, leading to disperse cytosolic localization of the fluorescence. On the other hand, an overload of the control machinery promotes VHL protein aggregation, while leaving the fluorescent tag functional. In this case, the red fluorescence appears as a puncta inside the cell, due to the sequestration of aggregated proteins into dedicated compartments. All mutants carrying the plasmid (p~GAL~-VHL-mCherry-Ura) were grown until saturation in leucine and uracil dropout SC-MSG medium, containing 2% raffinose as carbon source. To induce VHL-mCherry production, the saturated cultures were diluted into leucine and uracil dropout SC-MSG medium, containing 1% raffinose and 2% galactose. After 14 hr of induction, cell fluorescence was detected by high content microscopy, using the following filter sets: excitation: 560--580 nm, emission: 590--640 nm. Images were acquired by employing an Operetta high-content screening microscope (PerkinElmer, Waltham, Massachusetts, United States). Samples were grown and images were acquired in black optical 96-well plates (Greiner Bio-One, Austria) using a 60x high-numerical aperture objective. Five image stacks were made in each well, each of which consists of 7 z-stacks ranging from −1.5 µm to 1.5 µm relative to the focal plane with 0.5 µm step size. The following custom developed image and data analysis pipeline was used. First, an image filter was applied to amplify spots and project a z-stack. Images were corrected for illumination inhomogeneities ([@bib63]), single cells were segmented and 118 cellular features were measured based on morphology, shape and intensities. Machine learning-based phenotypic analysis was performed ([@bib32]; [@bib49]) using supervised learning and the ratio of phenotypic classes was determined. The ratio of cells containing aggregation loci was calculated using at least 2000 cells.

Identification of protein--protein interactions {#s4-10}
-----------------------------------------------

To reveal the in vivo physically interacting protein partners of yEVenus, whole cell extracts were prepared from wild type cells in both the presence and absence of the yEVenus overexpression plasmid, and then a GFP co-immunoprecipitation (GFP co-IP) assay was performed. First, single colonies were inoculated into leucine-dropout SC-MSG liquid medium, and were grown until saturation at 30°C. The saturated cultures were diluted and grown to mid-exponential phase (OD~600~ = 0.8), and 10^8^--10^9^ cells were collected, flash frozen and used to extract total protein using an established protocol ([@bib71]). Protein concentration of the whole cell extract (WCE) was determined by using Bradford Protein Assay (Bio-Rad, Hercules, California, USA), according to the manufacturer\'s instructions. Total protein extracts (2 mg) were immunopurified (IP) using 40 µl anti-GFP antibody-coupled 50 nm superparamagnetic beads (µMACS GFP Isolation Kit, Miltenyi Biotec, Germany). The unbound material was removed by washing the beads with 2 ml (equal to 50x beads volume) detergent-free buffers as follows: three times with 1x TBS and once with 25 mM ABC(NH~4~HCO~3~) buffer. The immunopurified proteins were desalted ([@bib33]) after on-bead-digestion with trypsin (Promega, Germany). The LC-MS/MS analysis was performed by using a nanoflow RP-HPLC on-line coupled to a linear ion trap-Orbitrap (Orbitrap-Elite, Thermo Fisher Scientific, Germany) mass spectrometer as in a previous study ([@bib38]) with the following modification: the 20 most abundant, multiply charged ions were selected from each MS survey for MS/MS analysis.

Raw data were converted into peak lists using Proteome Discoverer (v 1.4, Thermo Fisher Scientific). First, we performed a search against the Swissprot and Uniprot databases ([@bib51]), taking into consideration of the sequence of yEVenus. Search parameters and acceptance criteria were set as previously published ([@bib38]). Close homologues were only reported if at least three unique peptides matched to the protein.

Spectral counting was used to estimate relative abundance of individual proteins in the samples: peptide counts of the individual proteins were normalized to the total number of peptide identifications in each sample ([@bib31]). Proteins (i) with reproducible detection (\|log~2~fold-change\| \< 0.67 between biological replicates), (ii) with at least two identified peptides, (iii) with at least 5% coverage and (iv) with a median-normalized protein binding affinity score above a previously defined cutoff value (2 according to \[[@bib41]\]) were considered as proteins that specifically associate with yEVenus. Protein-binding affinity to yEVenus was estimated by calculating the peptide count fold change of yEVenus IP (wild type strain with yEVenus plasmid) samples relative to the negative control IP samples (wild type strain with control plasmid).

Reciprocal co-immunoprecipitation (co-IP) was performed in order to investigate physical interaction partners of Sti1p. First, a PCR-based C-terminal epitope-tagging of Sti1p was performed using established protocols ([@bib22]). Briefly, the transformation cassette was amplified from the pFA6a-TEV-6xGly-3xFlag-HphMX plasmid (a gift from Tim Formosa, Addgene plasmid \# 44083) with primers containing homology to the C-terminal of *STI1*. Transformants were selected on YPD containing 300 µg/ml hygromycin (Santa Cruz Biotechnology). Correct clones were verified by colony-PCR and subsequent capillary sequencing of the C-terminal of *STI1*. Next, the single copy (low protein burden) or high copy (high protein burden) yEVenus plasmid was transformed into the Sti1p-FLAG-tagged strain. Finally, the yEVenus expressing strains were subjected to co-IP assay.

Whole cell extraction (WCE), immunoprecipitation (IP) and washing steps were performed as above, with the following modification: to reduce the effect of protein burden, a more stringent washing step was applied using the manufacturer's (μMACS DYKDDDDK Isolation Kit, Miltenyi Biotec) 'Wash 1' buffer (150 mM NaCl, 1% Igepal CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl, pH 8.0). The LC-MS/MS and raw data analysis were the same as above. Close homologues were only reported if at least three unique peptides matched to the protein. The effect of protein burden on Sti1p interacting partners was investigated by comparing the protein binding affinity of these partners under low and high protein burden. Binding affinity scores below the cutoff value indicate weaker, non-specific associations of proteins with Sti1p. Protein-binding affinity to Sti1p was estimated by calculating the peptide count fold change of Sti1p IP (IP with specific antibody to FLAG) samples relative to the negative control IP (IP without specific antibody (protein A)) samples both under low and high protein burden. Proteins i) with at least two identified peptides; ii) with at least 5% coverage and iii) with a median-normalized protein-binding affinity score above a previously defined cutoff value (two according to \[[@bib41]\]) were considered as proteins that specifically associate with Sti1p under low protein burden.
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10.7554/eLife.29845.010

###### Results of the Synthetic Genetic Array with yEVenus.

This file contains information of the Synthetic Genetic Array with yEVenus in single gene deletion backgrounds and was used to create the following figures/tables: [Figure 1C, D, E and F](#fig1){ref-type="fig"}, [Figure 1---figure supplement 1 A--C](#fig1s1){ref-type="fig"}, and [Table 1](#table1){ref-type="table"}.

10.7554/eLife.29845.011

###### Genetic interaction screen using alternative promoters.

The table contains fitness and genetic interaction data of chaperone-deficient mutants overexpressing yEVenus driven by alternative promoters. This file contains the dataset used to create [Figure 3---figure supplement 1C](#fig3s1){ref-type="fig"}.

10.7554/eLife.29845.012

###### Results of the GFP co-immunoprecipitation assay with yEVenus.

This file contains information of the GFP co-IP assay performed on the yEVenus overexpressing strain.

10.7554/eLife.29845.013

###### Results of the Sti1p co-immunoprecipitation assay.

This file contains information of the Sti1p co-IP assay performed on wild type and Sti1-3xFLAG strains under high and low protein burden, that is with high and low copy yEVenus plasmid, respectively. This file contains the dataset used to create [Figure 3D](#fig3){ref-type="fig"}.

10.7554/eLife.29845.014

###### All data used to create figures in the manuscript.

The file contains the datasets used to create specific manuscript figures: it contains the data for [Figures 1A](#fig1){ref-type="fig"}, [2A, B, C, D](#fig2){ref-type="fig"}, [3A, B and C](#fig3){ref-type="fig"}, [Figure 3---figure supplement 1A,B](#fig3s1){ref-type="fig"}.

10.7554/eLife.29845.015

Major datasets {#s7}
--------------

The following previously published datasets were used:

Wang MWeiss MSimonovic MHaertinger GSchrimpf SPHengartner MOvon Mering C2013S.cerevisiae - Whole organism, SC (PeptideAtlas,March,2013)<https://pax-db.org/dataset/4932/242/>Publicly available at PaxDb: Protein Abundance Database

Wang MWeiss MSimonovic MHaertinger GSchrimpf SPHengartner MOvon Mering C2014S.cerevisiae - Whole organism, SC (GPM,Aug,2014)<https://pax-db.org/dataset/4932/243/>Publicly available at PaxDb: Protein Abundance Database

Pundir SMartin MJO\'Donovan C2017Saccharomyces cerevisiae (Baker\'s yeast) \[4932\]<https://www.uniprot.org/uniprot/?query=taxonomy:4932>Publicly available on UniProt (https://www.uniprot.org/)

10.7554/eLife.29845.023

Decision letter

Wittkopp

Patricia J

Reviewing Editor

University of Michigan

United States

In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

\[Editors' note: a previous version of this study was rejected after peer review, but the authors submitted for reconsideration. The first decision letter after peer review is shown below.\]

Thank you for choosing to send your work, \"Translation linked chaperones have a critical role in buffering protein production costs\", for consideration at *eLife*. Your submission has been assessed by a Senior Editor and two reviewers. Although the work is of interest, we regret to inform you that the findings at this stage are too preliminary for further consideration at *eLife*.

Specifically, concerns were raised by both reviewers about the strength of evidence supporting the main conclusions as well as the extent to which the interpretation of the work is consistent with the current state of the chaperone field.

Reviewer \#1:

The manuscript of Farkas et al. investigates the cellular subsystems that buffer the effects of overproduction of a non-native fluorescent protein using synthetic genetic array (SGA) methodology in *Saccharomyces cerevisiae*. Under stress-free conditions the effects of protein over-production remain minimal, however under diverse stress conditions the effect becomes enhanced. The authors show that genetic or chemical impairment of processes such as transcription, translation, amino acid biosynthesis, and protein folding causes cells to be more sensitive to protein overproduction. While the notion that over-production of unneeded proteins causes an overload to the chaperone network is intriguing, additional evidence is required before the manuscript is ready for publication (see below).

Major concerns:

1\) Through SGA analysis the authors demonstrate in [Figure 3A and 3B](#fig3){ref-type="fig"} that impairment of translation and transcription enhances the toxic effects of protein overproduction. The novelty of this finding is reduced by a paper published this year, which reported translation and transcription dominant fitness costs in cells overexpressing a non-native fluorescent protein under standard laboratory growth conditions (Kafri et al., 2016.).

2\) The novel and \"most significant\" finding of the paper that \"impairment of a chaperone network involved in co-translational folding has a critical role in defining protein production costs\" needs additional lines of experimental data to support their claim. (Findings summarized in the Discussion section). The data provided that elevated temperature and protein denaturing agents increases protein burden is in agreement with their hypothesis but is not conclusive. The authors hypothesize that yEVenus occupies CLIPS chaperones which otherwise would be used to fold other native proteins within the cell. This interaction could easily be investigated using co-immunoprecipitation assays to show a physical interaction between chaperone and the GFP variant. Alternatively, the authors could investigate physical interaction between CLIPS chaperones and client proteins in the absence and presence of yEVenus overexpression to show that yEVenus disrupts the physical interaction of endogenous proteins.

3\) The Results section describes quantification of yEVenus to levels of 3.7% of the total cellular proteome by performing PAGE. An image of this gel should be included in the manuscript as part of [Figure 2](#fig2){ref-type="fig"} as opposed to data not shown.

4\) Subsection "Genome-wide mapping of genes that buffer protein overproduction costs" and [Figure 3D](#fig3){ref-type="fig"}. The authors describe they observed differences in growth rates of yeast grown on different carbon sources without observing differences in fitness costs due to protein burden. [Figure 3D](#fig3){ref-type="fig"} plots the Cost of protein burden in the different growth conditions, however the control data should be included to show differences in growth rate. It is not sufficient to merely describe the differences in the Figure legend.

Reviewer \#2:

The manuscript by Farkas et al. relates to an important question of the costs of protein synthesis. Design of experiments and the way they were conducted appear correct. Data are of high quality. Unfortunately, I see two basic problems with interpretation (points A and C). I cannot recommend this paper for publication in its present shape.

A\) [Table 1](#table1){ref-type="table"}. Are these p-values corrected for multiplicity of comparisons? I do not see any remark on that. How many were there MIPS classes used in the analysis? If they were many then p-value of 3.83E-03 (chaperones) may be well in the hell of insignificance. Why MIPS, FunSpec and year 2002? GOrilla allows to analyse a ranked single list of genes which appears preferable over setting an arbitrary threshold to select a target group (http://cbl-gorilla.cs.technion.ac.il/). Not only chaperones but also other categories have rather unimpressive p-values. A large data set often yields results at similar levels of uncorrected significance but with hardly any meaning.

B\) Translation, transcription, metabolism of RNA and mitochondria show up as enriched in nearly every study of growth effects caused by deletions under nearly any conditions. I know that here the idea is to extract interaction out of joint effect of two factors. But, I would be careful. What categories were enriched among deletions with positive epistatic effect? Have I missed these results?

C\) The following statement is meant to justify why the paper is focused on co-translational chaperones: \"The list (of gene deletions interacting with GFP overproduction; rev add) includes members of the Gim/prefoldin complex (GIM4/GIM5/PFD1), two Hsp90 co-chaperones (CPR7, STI1), a type I HSP40 co-chaperone involved in regulation of HSP90 and HSP70 functions (YDJ1), and a member of the Hsp70-Hsp40 chaperone complex (SSE1). The majority of these proteins are parts of a chaperone network involved in co-translational folding of thousands of client proteins. These so-called CLIPS chaperones (Albanèse et al., 2006) associate the translation apparatus with nascent polypeptides emerging from the ribosome and help de novo folding of newly synthesized proteins. Inactivation of these genes sensitizes the proteome to protein misfolding and downstream aggregation (Albanèse et al., 2006; Willmund et al., 2013).\"

My objections:

1\) CLIPS is not a real, functionally defined, class of proteins. It is just an operational term covering genes involved in chaperoning/folding functions which are down-regulated in their expression at the time of stress (sometimes transiently) as opposed to HSP, which are up-regulated, and was used just in one (?) publication (Albanese, 2006). The CLIPS proteins are only indirectly linked to participation in chaperoning of nascent proteins: translation is halted (transiently) when stress comes, so CLIPS may be involved in chaperoning fresh polypeptides. (Besides, STI1 is in HSP, SSE1 and YDJ1 are in between, CPR7 and FPR4 work on proline twisting together with chaperones but are not chaperones themselves.)

2\) In fact, none of the listed proteins is working co-translationally. Prefoldin sounds nice but it just assists selected new proteins on their way to TRiC after they are released from a ribosome. SSE1 is somewhat linked to nascent proteins, it is a nucleotide exchange factor for SSB (co-translational Hsp70). But it works also for SSA (stress-induced Hsp70). Besides, SSE1 releases, not binds, clients of SSB, possibly after they leave ribosomes (Willmund).

3\) The co-translational binding of SSB to growing polypeptides is probably facilitated by ZUO1 and SSZ1, it is a real pity these two most relevant genes are not among those spotted in this work (SSB1 and 2 had to be deleted both, one deletion does not have any effect).

4\) Although SSBs are believed (rather than truly confirmed) to chaperone co-translationally, their action is poorly recognized and probably not universal. Willmund says: \"Thus, co-translationally acting Hsp70 meets the challenge of folding the eukaryotic proteome by stabilizing its longer, more slowly translated, and aggregation-prone nascent polypeptides\". Authors of this manuscript say that their GFP is codon-unbiased, and it is just 230 aa long, so it does not appear a suitable client for SSBs anyway. Sure, overproduced GFP can misfold and aggregate more often than when rare but unfolding of such stuff would most probably involve SSAs and many other, non-co-translational chaperones. Where are they?

5\) Conclusion. The authors selected one, decade old, paper to build the co-translational interpretation. Neither subsequent work of Frydman\'s lab nor views broadly accepted among the chaperone folk (Hartl, 2016) support their claims. The selected set of chaperones could have appeared not because they themselves are important but rather some of their clients (perhaps listed in the same table) malfunction when they are absent. One never knows with such promiscuous molecules. Again, the statistical signal may be too weak, so there is not much to think about (see point A).

\[Editors' note: what now follows is the decision letter after the authors submitted for further consideration.\]

Thank you for submitting your article \"Chaperone overload increases protein production costs\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, and the evaluation has been overseen by Patricia Wittkopp as the Senior Editor and Reviewing Editor. The following individual involved in review of your submission has agreed to reveal his identity: Tobias Warnecke (Reviewer \#3).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

The manuscript by Farkas et al. investigates the cellular subsystems that buffer the effects of overproduction of a non-native fluorescent protein using synthetic genetic array (SGA) methodology in *Saccharomyces cerevisiae*. Under stress-free conditions the effects of protein over-production remain minimal, however under diverse stress conditions the effect becomes enhanced. The authors show that genetic or chemical impairment of processes such as transcription, translation, amino acid biosynthesis, and protein folding causes cells to be more sensitive to protein overproduction. They then go on to propose that molecular chaperones have a critical role in buffering protein production costs as deletion of some genes involved in molecular chaperone function increase the fitness cost associated with protein over-production. The reviewers and I are enthusiastic about this work being potentially suitable for publication in *eLife*, but also agree that some revisions are needed prior to publications. These are described below. The experiments indicated as required were felt to be essential by all three reviewers and myself for supporting the conclusions presented.

Essential revisions:

Most significant modification to the text:

1\) Examine and discuss the complete set of results from the unbiased genome-wide approaches (the genetic interaction screen and the co-IP screen), not just the set of results that can be rationalized. In our opinion, these 2 approaches provide most of the novelty of this work, and so their complete results should be more prominent in the paper. For example, the nature of positive genetic interactions with YFP should also be examined for completeness. Even if no significant enrichment could be detected among the genes involved in positive interactions, the authors should still report the observation. While the authors\' focus on chaperones is understandable, as it constitutes an additional cost that can be easily rationalized as part of the protein\'s production history, I felt distinctly short-changed by the absence of further study (or even discussion!) of other genes that revealed negative epistatic interactions. This includes genes related to mitochondrial organization/translation, explicitly listed as enriched in [Table 1](#table1){ref-type="table"}, but also other genes found that do not fall into significantly enriched GOSlim categories and remain entirely unmentioned.

Two additional experiments:

2\) Express yEVenus from a different promoter. (Rationale: The explanation that the overexpression of YFP perturbs chaperone network by \"sequestering\" parts of it (as [Figure 4](#fig4){ref-type="fig"} suggests) is appealing. However, the overexpression of YFP in the study is driven by the promoter of HSC82, a chaperone. Although the authors claim that it is relatively constitutively expressed, querying SPELL for expression profile shows that HSC82 is co-expressed with many other protein folding proteins, suggesting that it shares transcription factors with them. Adding multiple additional copies of the HSC82 on a multi-copy plasmid could therefore decrease expression of many chaperones simply by competition, making cells more sensitive to deletion of particular chaperones. Therefore, it is important to confirm at least the most important results of the paper by overexpressing YFP using a different promoter that is unrelated to chaperones.)

3\) Reciprocal yEVenus-Sti1 Co-IP. (Rationale: Given the major novel finding of the manuscript relies on the chaperone network having a critical role in shaping protein production costs, it would be nice to show in the main text a validation of the physical interaction between yEVenus and Sti1 through reciprocal co-immunoprecipitation analysis. Further, their Co-IP mass spectrometry data identifies several other cellular proteins that physically interact with yEVenus and do not have a role in chaperone function, and this analysis does not identify any other chaperone related genes, which based on their conclusions in surprising. The authors make no comment of these inconsistent observations in the text.

Additional points raised by one or more reviewers that should be addressed:

4\) The authors identify 184 gene deletions that show confident negative genetic interactions with overexpression of YFP. The authors report that this list of genes is enriched for ribosome biogenesis, transcriptional control, amino acid metabolism, mitochondria-related processes and protein folding ([Table 1](#table1){ref-type="table"}). However, none of the GO terms listed in [Table 1](#table1){ref-type="table"} seem to be associated with ribosome biogenesis or amino acid metabolism. Could the authors clarify where that conclusion originated? Also, the enrichment for mitochondria-related processes is never discussed in the manuscript.

5\) One of the main motivations for the study was provided by the genome-wide genetic interaction screen. The goal of this screen was to uncover gene deletions that mitigate or exacerbate the fitness cost of unneeded protein overproduction. A key assumption is that the protein load (i.e., the number of YFP molecules per cell) is approximately the same in all \~5000 deletion mutants and thus any potential fitness defects are due to the inability of the deletion mutant to cope with the load. The justification for this assumption is provided in [Figure 1D](#fig1){ref-type="fig"} where the authors plot the correlation between the genetic interaction score (i.e., the synergistic fitness gain or defect resulting from combining a deletion with YFP overexpression) as a function of \"biomass-normalized fluorescence level\" (i.e., YFP abundance). Given the lack of correlation, the authors conclude that \"genetic interactions reflect a change in the fitness cost, but not in the extent of protein overexpression\".

I\'m not sure that [Figure 1D](#fig1){ref-type="fig"} addresses this question completely because it is not clear what \"biomass-normalized fluorescence level\" actually represents. Biomass normalization is done by dividing the total fluorescence of a yeast culture by its OD. However, OD depends both on cell number and cell size/volume, which vary across deletion mutants and may affect the total culture fluorescence in a complex way. The authors should therefore discuss this relationship in more detail and make sure that normalized fluorescence does indeed represent the extent of protein overexpression. This is especially important considered that, according to [Figure 1D](#fig1){ref-type="fig"}, normalized fluorescence varies extensively across mutants. What is the most likely cause for that variation? For example, a number of mutants are known to harbor more copies of high-copy plasmids than others (e.g., bik1, bim1) -- do those mutants tend to show lower normalized fluorescence?

6\) The identification of Sti1 as a protein that not only influences YFP production but also physically binds YFP is interesting. However, it is important to verify how often Sti1 co-purifies with other proteins, i.e. the number of physical interactions currently reported for Sti1 in the databases.

10.7554/eLife.29845.024

Author response

\[Editors' note: the author responses to the first round of peer review follow.\]

> Reviewer \#1:
>
> \[...\] Major concerns:
>
> 1\) Through SGA analysis the authors demonstrate in [Figure 3A and 3B](#fig3){ref-type="fig"} that impairment of translation and transcription enhances the toxic effects of protein overproduction. The novelty of this finding is reduced by a paper published this year, which reported translation and transcription dominant fitness costs in cells overexpressing a non-native fluorescent protein under standard laboratory growth conditions (Kafri et al., 2016.).

Please note that we explicitly refer/ed to the corresponding work both in the previous and in the new version of the manuscript:

"Our observation that perturbations to translation and transcription modulate protein burden is consistent with a recent report showing that both processes are limiting in yeast grown under standard media (SC) conditions (Kafri et al., 2016)."

"Our observation that translational and transcriptional perturbations modulate protein burden was validated further by chemical and environmental stress screens, and is also consistent with prior studies (Kafri et al., 2016)."

> 2\) The novel and \"most significant\" finding of the paper that \"impairment of a chaperone network involved in co-translational folding has a critical role in defining protein production costs\" needs additional lines of experimental data to support their claim. (Findings summarized in the Discussion section). The data provided that elevated temperature and protein denaturing agents increases protein burden is in agreement with their hypothesis but is not conclusive. The authors hypothesize that yEVenus occupies CLIPS chaperones which otherwise would be used to fold other native proteins within the cell. This interaction could easily be investigated using co-immunoprecipitation assays to show a physical interaction between chaperone and the GFP variant. Alternatively, the authors could investigate physical interaction between CLIPS chaperones and client proteins in the absence and presence of yEVenus overexpression to show that yEVenus disrupts the physical interaction of endogenous proteins.

Thank you for the suggestion. Indeed, such experimental evidence for our claims regarding to the chaperone overload was absent in the previous version of this manuscript. Therefore, to support our hypothesis, we performed a GFP co-immunoprecipitation assay and found direct evidence for a physical interaction between the yEVenus and a key chaperone regulator. We write: "Finally, we found evidence that yEVenus, a typical, globular fluorescent protein, physically interacts with Sti1p, one of the key regulators of SSA proteins." \[...\]"As Sti1p has multiple roles in the activation of the Hsp70 complex, one might expect that a drop in the availability of free Sti1p would have serious fitness consequences in times of proteotoxic stress."

> 3\) The Results section describes quantification of yEVenus to levels of 3.7% of the total cellular proteome by performing PAGE. An image of this gel should be included in the manuscript as part of [Figure 2](#fig2){ref-type="fig"} as opposed to data not shown.

Done. The image of the PAGE gel is now included as [Figure 1B](#fig1){ref-type="fig"}.

> 4\) Subsection "Genome-wide mapping of genes that buffer protein overproduction costs" and [Figure 3D](#fig3){ref-type="fig"}. The authors describe they observed differences in growth rates of yeast grown on different carbon sources without observing differences in fitness costs due to protein burden. [Figure 3D](#fig3){ref-type="fig"} plots the Cost of protein burden in the different growth conditions, however the control data should be included to show differences in growth rate. It is not sufficient to merely describe the differences in the Figure legend.

Done. The figure showing the absolute fitness (arbitrary units calculated from colony size) differences on different carbon sources is now included as a sub-panel of [Figure 3D](#fig3){ref-type="fig"}.

> Reviewer \#2:
>
> The manuscript by Farkas et al. relates to an important question of the costs of protein synthesis. Design of experiments and the way they were conducted appear correct. Data are of high quality. Unfortunately, I see two basic problems with interpretation (points A and C). I cannot recommend this paper for publication in its present shape.
>
> A\) [Table 1](#table1){ref-type="table"}. Are these p-values corrected for multiplicity of comparisons? I do not see any remark on that. How many were there MIPS classes used in the analysis? If they were many then p-value of 3.83E-03 (chaperones) may be well in the hell of insignificance. Why MIPS, FunSpec and year 2002? GOrilla allows to analyse a ranked single list of genes which appears preferable over setting an arbitrary threshold to select a target group (http://cbl-gorilla.cs.technion.ac.il/). Not only chaperones but also other categories have rather unimpressive p-values. A large data set often yields results at similar levels of uncorrected significance but with hardly any meaning.

Thank you for drawing our attention to the outdated choice for functional enrichment analysis. In the current manuscript we performed a new analysis using up-to-date GO Slim categories, retrieved from the Saccharomyces Genome Database. We write: "Based on the systematic genetic-genetic interaction screen, the list of genes showing negative interaction with the yEVenus overexpression (i.e. their deletions increased the fitness effect of overexpression) were retrieved and tested for Gene Onthology term enrichment with topGO (version 2.28) (Alexa et al., 2006) and org.Sc.sgd.db (version 3.3.0, (Marc Carlson, 2016)) packages in R programming environment (R Core Team, 2017). To focus on the important GO terms we restricted our search to the GOSlim categories maintained by the SGD project (Cherry et al., 2012). A GO category was termed as enriched significantly, if the genes annotated to a particular GO term were significantly overrepresented (p \< 0.05, Fisher\'s exact test) in the given gene set using the complete list of screened genes as background."

The new [Table 1](#table1){ref-type="table"} also contains FDR correction for the multiplicity of testing. Please note that, based on the FDR corrected p-values, the category of protein folding remains enriched within the negative interacting genes.

> B\) Translation, transcription, metabolism of RNA and mitochondria show up as enriched in nearly every study of growth effects caused by deletions under nearly any conditions. I know that here the idea is to extract interaction out of joint effect of two factors. But, I would be careful.

We strongly believe that enrichment of the above cellular processes is not a pure coincidence, as environmental perturbation of these processes reassuringly affirmed the results of the genetic interaction screen. In addition, these results are consistent with previous studies.

> What categories were enriched among deletions with positive epistatic effect? Have I missed these results?

Indeed, we did not put an emphasis on genes with positive epistatic effect, mainly for two reasons. First and foremost, the main focus of this manuscript was on the genes showing negative epistatic effect, as such genes and the corresponding cellular processes buffer protein production cost. Second, we found a lack of functional enrichment among the genes with positive epistatic effect. This finding is now included in the revised manuscript.

> C\) The following statement is meant to justify why the paper is focused on co-translational chaperones: \"The list (of gene deletions interacting with GFP overproduction; rev add) includes members of the Gim/prefoldin complex (GIM4/GIM5/PFD1), two Hsp90 co-chaperones (CPR7, STI1), a type I HSP40 co-chaperone involved in regulation of HSP90 and HSP70 functions (YDJ1), and a member of the Hsp70-Hsp40 chaperone complex (SSE1). The majority of these proteins are parts of a chaperone network involved in co-translational folding of thousands of client proteins. These so-called CLIPS chaperones (Albanèse et al., 2006) associate the translation apparatus with nascent polypeptides emerging from the ribosome and help de novo folding of newly synthesized proteins. Inactivation of these genes sensitizes the proteome to protein misfolding and downstream aggregation (Albanèse et al., 2006; Willmund et al., 2013).\"
>
> My objections:
>
> 1\) CLIPS is not a real, functionally defined, class of proteins. It is just an operational term covering genes involved in chaperoning/folding functions which are down-regulated in their expression at the time of stress (sometimes transiently) as opposed to HSP, which are up-regulated, and was used just in one (?) publication (Albanese, 2006). The CLIPS proteins are only indirectly linked to participation in chaperoning of nascent proteins: translation is halted (transiently) when stress comes, so CLIPS may be involved in chaperoning fresh polypeptides. (Besides, STI1 is in HSP, SSE1 and YDJ1 are in between, CPR7 and FPR4 work on proline twisting together with chaperones but are not chaperones themselves.)

In the current version we revisited the results and focus on Hsp70/90 chaperone network only.

> 2\) In fact, none of the listed proteins is working co-translationally. Prefoldin sounds nice but it just assists selected new proteins on their way to TRiC after they are released from a ribosome. SSE1 is somewhat linked to nascent proteins, it is a nucleotide exchange factor for SSB (co-translational Hsp70). But it works also for SSA (stress-induced Hsp70). Besides, SSE1 releases, not binds, clients of SSB, possibly after they leave ribosomes (Willmund).
>
> 3\) The co-translational binding of SSB to growing polypeptides is probably facilitated by ZUO1 and SSZ1, it is a real pity these two most relevant genes are not among those spotted in this work (SSB1 and 2 had to be deleted both, one deletion does not have any effect).
>
> 4\) Although SSBs are believed (rather than truly confirmed) to chaperone co-translationally, their action is poorly recognized and probably not universal. Willmund says: \"Thus, co-translationally acting Hsp70 meets the challenge of folding the eukaryotic proteome by stabilizing its longer, more slowly translated, and aggregation-prone nascent polypeptides\". Authors of this manuscript say that their GFP is codon-unbiased, and it is just 230 aa long, so it does not appear a suitable client for SSBs anyway. Sure, overproduced GFP can misfold and aggregate more often than when rare but unfolding of such stuff would most probably involve SSAs and many other, non-co-translational chaperones. Where are they?

Thank you for the clear descriptive summary on chaperones. After revisiting the results of genetic interaction screen we now highlight the importance of the Hsp70 SSA complex regulation in the prevention of proteome misfolding in times of protein overexpression. We write: "The genetic interaction screen revealed that molecular chaperones are overrepresented in the list of genes that influence protein production costs. Most notably, the list includes several members of the Hsp40-70-110 complex (FES1, SSE1 and YDJ1), and an Hsp70-90 scaffold protein (STI1). These Hsp70-associated proteins are functionally highly related, and all play critical roles in the ATPase activation and the nucleotide exchange regulation of the Hsp70 class Ssa chaperones (Figure 5)." We also write: "It is worth noting that due to partial functional redundancy of SSA proteins (Hasin et al., 2014), the corresponding SSA genes did not emerge in the screen." Accordingly, we propose that perturbation of the SSA chaperone complex -- by inactivating its key regulators -- renders yeast hypersensitive to the overexpression of a gratuitous protein.

\[Editors\' note: the author responses to the re-review follow.\]

> Essential revisions:
>
> 1\) Examine and discuss the complete set of results from the unbiased genome-wide approaches (the genetic interaction screen and the co-IP screen), not just the set of results that can be rationalized. In our opinion, these 2 approaches provide most of the novelty of this work, and so their complete results should be more prominent in the paper. For example, the nature of positive genetic interactions with YFP should also be examined for completeness. Even if no significant enrichment could be detected among the genes involved in positive interactions, the authors should still report the observation. While the authors\' focus on chaperones is understandable, as it constitutes an additional cost that can be easily rationalized as part of the protein\'s production history, I felt distinctly short-changed by the absence of further study (or even discussion!) of other genes that revealed negative epistatic interactions. This includes genes related to mitochondrial organization/translation, explicitly listed as enriched in [Table 1](#table1){ref-type="table"}, but also other genes found that do not fall into significantly enriched GOSlim categories and remain entirely unmentioned.

Thank you for your understanding the need to keep the paper focused on chaperones. We restrained ourselves from wild speculations, and attempted to explore the scenarios raised in the paper in detail.

As regards positive interactions, we could not resist to mention one interesting case. A specific repressor of the Ras-cAMP pathway (RPI1) showed strong positive genetic interaction with yEVenus overexpression. Although the underlying molecular mechanism remains to be studied, this pattern may have some biotechnological relevance.

As regards the role of mitochondrial genes, we added a new paragraph. We write:

"Moreover, genes with mitochondria related functions, including mitochondrial, translation (e.g. MRPS9, MRPL22), mitochondrial DNA replication and growth (e.g. MMM1), mitochondrial distribution and morphology (e.g. MDM38) are on the gene list identified by the SGA analysis ([Supplementary file 1](#supp1){ref-type="supplementary-material"})."

In the Discussion section we add:

"We note that mutants with impaired mitochondria exhibit reduced respiratory growth, and therefore they have to rely on less efficient modes of ATP production. However, beyond ATP production, mitochondria are involved in the synthesis of certain amino acids as well (Ahn and Metallo, 2015; Zong et al., 2016). Therefore, future works should elucidate the exact molecular mechanisms underlying the elevated protein burden in cells deficient in mitochondrial functions."

> Two additional experiments:
>
> 2\) Express yEVenus from a different promoter. (Rationale: The explanation that the overexpression of YFP perturbs chaperone network by \"sequestering\" parts of it (as [Figure 4](#fig4){ref-type="fig"} suggests) is appealing. However, the overexpression of YFP in the study is driven by the promoter of HSC82, a chaperone. Although the authors claim that it is relatively constitutively expressed, querying SPELL for expression profile shows that HSC82 is co-expressed with many other protein folding proteins, suggesting that it shares transcription factors with them. Adding multiple additional copies of the HSC82 on a multi-copy plasmid could therefore decrease expression of many chaperones simply by competition, making cells more sensitive to deletion of particular chaperones. Therefore, it is important to confirm at least the most important results of the paper by overexpressing YFP using a different promoter that is unrelated to chaperones.)

This is an important objection. As requested, we overexpressed yEVenus under the control of native promoters of genes with non-chaperone functions, including pGPP1, pTAL1, pPDC1, and pTDH3. These promoters drive the expression of cytosolic proteins with similar cellular abundances as Hsp90p (Wang et al., 2012), see also [Figure 3---figure supplement 1A](#fig3s1){ref-type="fig"}). Two results confirm the conclusions of the paper:

First, gene overexpression cost significantly increased with rising temperature in each promoter-yEVenus combination ([Figure 3---figure supplement 1B](#fig3s1){ref-type="fig"}).

Second, the negative genetic interaction between yEVenus overexpression and specific chaperone regulators remained regardless of the promoter employed ([Supplementary file 2](#supp2){ref-type="supplementary-material"}, [Figure 3---figure supplement 1C](#fig3s1){ref-type="fig"}). The analysis was performed on strains with deficiency in STI1 and YDJ1 (specific regulators of the HSP70 complex), not least because the protein interaction analyses focused on the corresponding proteins.

> 3\) Reciprocal yEVenus-Sti1 Co-IP. (Rationale: Given the major novel finding of the manuscript relies on the chaperone network having a critical role in shaping protein production costs, it would be nice to show in the main text a validation of the physical interaction between yEVenus and Sti1 through reciprocal co-immunoprecipitation analysis. Further, their Co-IP mass spectrometry data identifies several other cellular proteins that physically interact with yEVenus and do not have a role in chaperone function, and this analysis does not identify any other chaperone related genes, which based on their conclusions in surprising. The authors make no comment of these inconsistent observations in the text.

The table we presented in the first submission contained a handful of proteins that met very stringent criteria we used to filter the results of the co-IP assay. It was not our intention to claim that yEVenus interacts only and exclusively with these proteins. Rather it allows us to focus on what we consider the most interesting hit (Sti1p). Please note also that we identified several other chaperones that putatively bind to yEVenus when overexpressed ([Supplementary file 3](#supp3){ref-type="supplementary-material"}). One slight modification in the revised manuscript is that we deleted discussing interactions under proteotoxic stress, not least because only one chaperone was detected to bind to yEVenus in a condition specific manner.

Additionally, we performed a reciprocal co-immunoprecipitation analysis, and found evidence that yEVenus perturbs binding between Sti1p and their native interactions partners ([Figure 4](#fig4){ref-type="fig"}).

We write:

"The analysis focused on 18 proteins, all of which have been described to physically interact with Sti1p in prior studies (Cherry et al., 2012). \[...\] Collectively, these data suggest that protein burden promotes a partial disassociation of these proteins from Sti1p, putatively leading to partial disassociation of the Hsp70-Hsp90 chaperone complex."

> Additional points raised by one or more reviewers that should be addressed:
>
> 4\) The authors identify 184 gene deletions that show confident negative genetic interactions with overexpression of YFP. The authors report that this list of genes is enriched for ribosome biogenesis, transcriptional control, amino acid metabolism, mitochondria-related processes and protein folding ([Table 1](#table1){ref-type="table"}). However, none of the GO terms listed in [Table 1](#table1){ref-type="table"} seem to be associated with ribosome biogenesis or amino acid metabolism. Could the authors clarify where that conclusion originated?

This was indeed an unfortunate sentence. We modified it as follows:

"Protein synthesis is frequently limited by the availability of free ribosomes (Vind et al., 1993). \[...\] In agreement with expectation, partial inhibition of translation elongation by cycloheximide treatment elevated protein burden ([Figure 2A](#fig2){ref-type="fig"})."

We also write:

"Another source of protein burden may arise due to wastes of cellular resources, including ATP and amino acids needed for protein synthesis. Indeed, inactivation of amino acid metabolism genes (AAT2, BAT2, CYS3, PRS3, LEU3) influenced protein burden ([Supplementary file 1](#supp1){ref-type="supplementary-material"}), suggesting that protein burden depends on the availability of amino acids in the environment. It was indeed so: depletion of amino acids in the growth medium increased the fitness cost ([Figure 2C](#fig2){ref-type="fig"})."

> Also, the enrichment for mitochondria-related processes is never discussed in the manuscript.

In the revised version, we discuss it as requested. For more details, see response to the first comment.

> 5\) One of the main motivations for the study was provided by the genome-wide genetic interaction screen. The goal of this screen was to uncover gene deletions that mitigate or exacerbate the fitness cost of unneeded protein overproduction. A key assumption is that the protein load (i.e., the number of YFP molecules per cell) is approximately the same in all \~5000 deletion mutants and thus any potential fitness defects are due to the inability of the deletion mutant to cope with the load. The justification for this assumption is provided in [Figure 1D](#fig1){ref-type="fig"} where the authors plot the correlation between the genetic interaction score (i.e., the synergistic fitness gain or defect resulting from combining a deletion with YFP overexpression) as a function of \"biomass-normalized fluorescence level\" (i.e., YFP abundance). Given the lack of correlation, the authors conclude that \"genetic interactions reflect a change in the fitness cost, but not in the extent of protein overexpression\".
>
> I\'m not sure that [Figure 1D](#fig1){ref-type="fig"} addresses this question completely because it is not clear what \"biomass-normalized fluorescence level\" actually represents. Biomass normalization is done by dividing the total fluorescence of a yeast culture by its OD. However, OD depends both on cell number and cell size/volume, which vary across deletion mutants and may affect the total culture fluorescence in a complex way. The authors should therefore discuss this relationship in more detail and make sure that normalized fluorescence does indeed represent the extent of protein overexpression. This is especially important considered that, according to [Figure 1D](#fig1){ref-type="fig"}, normalized fluorescence varies extensively across mutants. What is the most likely cause for that variation? For example, a number of mutants are known to harbor more copies of high-copy plasmids than others (e.g., bik1, bim1) -- do those mutants tend to show lower normalized fluorescence?

Optical density normalized fluorescence is probably the most feasible way to estimate the level of protein production in a systematic manner (i.e. on the complete haploid yeast deletion collection). However, as the reviewer indicated, cell size and cell volume may affect optical density and therefore the cell number of a culture. Therefore, we performed the same analysis by excluding genotypes with extreme cell size (top 5% largest and smallest cell size according to Jorgensen et al., 2002): the correlation between genetic interaction score and biomass normalized fluorescence remains very weak (Pearson's correlation test, r = 0.035, p = 0.02, see [Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}). Reassuringly, a partial correlation analysis also shows that the correlation between genetic interaction score and biomass normalized fluorescence remains weak (adjusted R^2^ = 0.0031) after control for cell size as a continuous variable (Ohya et al., 2005).

We modified the text as follows:

"Biomass-normalized fluorescence level had no major impact on the distribution of genetic interaction scores ([Figure 1D](#fig1){ref-type="fig"}). This pattern was not due to any major deviation from wild type cell size ([Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}) This indicates that genetic interactions reflect a change in the fitness cost, but not in the extent of protein overexpression."

> 6\) The identification of Sti1 as a protein that not only influences YFP production but also physically binds YFP is interesting. However, it is important to verify how often Sti1 co-purifies with other proteins, i.e. the number of physical interactions currently reported for Sti1 in the databases.

To investigate this issue systematically, we performed a reciprocal co-IP assay. We focused on 18 physical interaction partners of Sti1p described in the Saccharomyces Genome Database (SGD, (Cherry et al., 2012)), and confirmed 9 (50%) of them in our assay. In a nutshell, the analysis revealed that YFP (or more precisely yEVenus) overexpression perturbs native interactions of Sti1p (See [Figure 4](#fig4){ref-type="fig"}).

[^1]: These authors contributed equally to this work.
